DNA is subject to a multitude of oxidative damages generated by oxidizing agents from metabolism, from exogenous sources and by ionizing radiation. Guanine is particularly vulnerable to oxidation and the most common oxidative product, 8-oxoguanine (8-oxoG), is the most prevalent lesion observed in DNA molecules. 8-oxoG can form a normal Watson-Crick pair with cytosine (8-oxoG:C), but it can also form a stable Hoogsteen pair with adenine (8-oxoG:A) leading to a G:C →T:A transversion after replication. Fortunately, 8-oxoG is recognized and excised by either of two DNA glycosylases of the base excision repair (BER) pathway, formamidopyrimidine-DNA glycosylase (Fpg) and 8-oxoguanine DNA glycosylase (Ogg). While Clostridium acetobutylicum Ogg DNA glycosylase can specifically recognize and remove 8-oxoG it displays little preference for the base opposite the lesion, which is unusual for a member of the Ogg1 family. This paper describes the crystal structures of CacOgg in its apo-form and in complex with 8-oxo-2'-deoxyguanosine. A structural comparison between the apo and liganded forms of the enzyme reveals a structural reorganization of the C-terminal domain upon binding of 8-oxoG similar to that reported for hOGG1. A structural comparison of CacOgg with hOGG1 in complex with 8-oxoG containing DNA provides a structural rationale for the lack of opposite base specificity displayed by CacOgg.
Introduction
DNA is subject to a plethora of oxidative damages generated by radiation and oxidizing agents, which originate from an organism's own metabolism and from exogenous sources. Guanine is particularly vulnerable to oxidation and the most common product, 7,8-dihydro-8-oxoguanine (8-oxoG) , is the most prevalent oxidative lesion observed in DNA molecules. 1 8-oxoG can form a normal Watson-Crick base pair with cytosine (8-oxoG:C), but can also form a stable Hoogsteen pair with adenine (8-oxoG:A) 2; 3 leading to a G:C →T:A transversion after replication. 2; 4 Fortunately, 8-oxoG is recognized and repaired by the base excision repair (BER) pathway 5; 6 via formamidopyrimidine-DNA glycosylase (Fpg) or 8-oxoguanine DNA glycosylase (Ogg). In humans, the repair of 8-oxoG is initiated by human OGG1 (hOGG1) 7; 8; 9; 10; 11; 12; 13 that excises 8-oxoG opposite C with the remainder of BER enzymes restoring the G:C base pair before replication. After replication has occurred and in the event of a newly formed 8-oxoG:A mispair, the DNA glycosylase hMYH can excise the opposite A Correspondence to: Susan S. Wallace; Sylvie Doublié. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
giving a new chance to create an 8-oxoG:C substrate for hOGG1 14; 15 . It is noteworthy that DNA polymerase β preferentially inserts a C opposite 8-oxoG relative to A. 16 In eubacteria, 8-oxoG is usually removed by Fpg 17; 18 although there is a significant number of bacterial species, including Clostridium, which instead use an Ogg1 homologue. 19; 20 Gain of Ogg1 function seems to be associated with loss of a functional Fpg. 19 Several Ogg glycosylases have been characterized and classified into three distinct families. The Ogg1 family encompasses the largest number of members including hOGG1 7; 8; 9; 10; 11; 12; 13 and Clostridium acetobutylicum Ogg (CacOgg). 19 Enzymes of the Ogg2 family lack the N-terminal domain of Ogg1 family members and share a low sequence identity with hOGG1 (13-19%) . 21 Members of this family, mostly from archaea, show a reduced specificity for the base opposite the lesion compared to hOGG1. 21; 22; 23 A third class of Ogg, AGOG (archaeal GO glycosylase), 24; 25 was described and the crystal structure of one of its representatives, Pa-AGOG from Pyrobaculum aerophilum, was reported recently. 26 Enzymes of this class efficiently remove 8-oxoG from single-and double-stranded DNA substrates and demonstrate no opposite base specificity. The crystal structure of Pa-AGOG revealed that the helix-hairpin-helix (HhH) differs from that found in other Ogg glycosylases. 26 CacOgg differs in sequence from hOGG1 with which it shares only 28% amino acid identity. One striking difference between these two enzymes is the lack of opposite base specificity displayed by CacOgg. 19 Several amino acids involved in opposite base recognition in hOGG1 are not conserved in CacOgg. This enzyme has two non-conserved amino acids substitutions compared to hOGG1: Met132 and Phe179 in CacOgg correspond to Arg154 and Tyr203, respectively, in hOGG1. Previous structural studies of hOGG1 have shown residue Arg154 to be crucial for the recognition of C opposite the lesion. 27; 28 Tyr203 is involved in a stacking interaction with the cytosine leading to the bend observed in the DNA molecule when bound to the enzyme. Recent kinetic studies have demonstrated that mutating both Met132 and Phe179 in CacOgg to the corresponding Arg and Tyr in hOGG1 partially restores specificity for 8-oxoG:C. 19 Also, unlike hOGG1 and EcoFpg, but similarly to Pa-AGOG, CacOgg can remove 8-oxoG from single stranded DNA. 19; 21
Here we report the structural characterization of the first bacterial Ogg in both its apo and liganded forms. Our structures demonstrate, as seen with hOGG1 28 , that the oxidized nucleoside is confined in a binding pocket which recognizes 8-oxoG specifically. We also show that CacOgg displays a substantial structural reorganization of the C-terminal domain upon binding of 8-oxo-2'-deoxyguanosine (8-oxodG) . A model of a DNA duplex based on previous structural studies provides a rationale for the lack of specificity of CacOgg for the base opposite the lesion as compared to hOGG1.
Results

Crystallization and structure determination of CacOgg in its apo-form
Crystals of apo-CacOgg were obtained by the vapor diffusion method. Crystals grew rapidly at 4°C and streak seeding was necessary to obtain well diffracting crystals. Since phasing via molecular replacement failed and CacOgg contains 8 methionines for a total of 292 residues, we crystallized a selenomethionine derivative to obtain multiwavelength anomalous diffraction (MAD) phases. A single crystal was used to collect data at two different wavelengths (See Table 1 for diffraction statistics) at the APS synchrotron (Beam line 23-ID B). The resulting 2.3Å model was refined to an R free of 0.217 and R cryst of 0.174 with good stereochemistry. The final model comprises residues 1-285. The last seven amino acids were not built in the model because they had poorly defined or non existent electron density certainly due to disorder.
As illustrated in Figure 1 , the overall fold of CacOgg is very similar to that of hOGG1. CacOgg is composed of three domains around the central HhH motif (αK-L, residues 206-232). The N-terminal domain (domain A) comprises a twisted antiparallel β-sheet composed of six β-strands (β1; βA-βE), a small one turn helix (αA) between βA and βB and a α-helix (αB) at the C-terminal part of this domain. Domain B (αE-αJ) is composed of six α-helices and two antiparallel β-strands (βF and βG) whereas domain C (αC-D and αM-O) comprises five α-helices. Both domains B and C are well conserved among the Ogg1 family. The central element of the Ogg1 proteins, the well conserved HhH motif (αK-L) is considered the fingerprint of DNA repair glycosylases of this superfamily. 20 The catalytic lysine (Lys222) belongs to the second helix of the HhH motif (αL) while the other important strictly conserved catalytic residue (Asp241) belongs to αM.
Crystallization of CacOggK222Q in complex with 8-oxo-2'-deoxyguanosine and overall structure description Soaking 8-oxodG into pre-formed apo-CacOgg crystals failed to achieve full occupancy of the ligand in the binding site. Attempts to co-crystallize wt-CacOgg with 8-oxodG were similarly unsuccessful. The catalytically inactive CacOggK222Q variant, on the other hand, readily yielded co-crystals with 8-oxo-deoxyguanosine. A complete 2.25Å data set was collected on our home X-ray source (See Table 1 for data collection statistics). Crystals of CacOggK222Q in complex with 8-oxo-deoxyguanosine belong to the cubic space group P4 1 32 with unit-cell dimensions a=b=c=138.5Å, α=β=γ=90°. A molecular replacement solution (correlation factor of 0.71) was found using the atomic coordinates of apo-CacOgg as a search model. The resulting electron density map was well defined for the unique molecule per asymmetric unit. The CacOggK222Q/8-oxodG complex model was rebuilt and refined to a crystallographic Rfactor of 0.215 (Rfree=0.254). The model does not lack any residues and residues Val18, Glu69, Asp84, Leu120 and Thr160 appear to adopt alternate conformations. A clear F o -F c electronic density (at 3σ) corresponding to 8-oxo-deoxyguanosine was observed in the binding site of the enzyme after molecular replacement. The map was well defined and unambiguous, allowing us to place the entire 8-oxodG molecule in the density. Figure 2 shows a simulated annealing omit map at 3σ around the 8-oxodG molecule confirming its presence in the active site.
Structural comparison of hOGG1 and CacOgg
The first secondary structure element differs between CacOgg and hOGG1. In CacOgg, the first secondary structure element is a βstrand (β1) while in hOGG1, a one turn α-helix (αA) is observed at this position. We cannot assume that this difference is significant because it might be a crystallization artefact in one or the other protein. Besides, the N-terminal domain is not known to interact with either DNA or the damaged base in hOGG1.
One major structural difference between CacOgg and hOGG1 is their size. CacOgg is made of 292 amino acids whereas hOGG1 is larger with 345 amino acids. The two proteins, however, share a very similar architecture. In order to accommodate the proper fold, hOGG1 harbors longer connecting loops than CacOgg. For example, the loop between βE and αB (see figure  1B ) contains twelve residues in hOGG1 compared to only four residues in CacOgg. Also, a number of α-helices (αB, αF, αM, αN and αO) are longer in hOGG1 by at least one full turn, while the sizes of the β-strands are very similar.
CacOgg binding site and structural reorganization after substrate binding
As with other DNA glycosylases, CacOgg is presumed to bind its substrate in an extrahelical conformation. 28; 29; 30 The damaged base is rotated out of the DNA helix and bound in a cavity lined with specific binding residues. 31 The substrate binding cavity of CacOgg is located at the junction of the three domains and the helix-hairpin-helix motif. This deep binding cavity is composed of apolar and aromatic residues on the B-domain side while the opposite side of the cavity is formed of more hydrophilic residues of the C-domain. The conserved catalytic residues Lys222 and Asp241 are located near the entrance of the cavity. At this position, these residues can easily access the deoxyribose ring of a flipped 8-oxoG substrate, placing it in a position suitable for catalysis. A conserved glycine shown to play an important role in the discrimination between guanine and 8-oxoG in hOGG1 (Gly42) 28; 32 is located on loop αA-βB on the A-domain edge of the substrate binding site (Gly30 in CacOgg).
The structure of CacOggK222Q in complex with 8-oxodG revealed several interactions between the protein and its ligand. As seen in Figure 2 , the deoxyribose interacts with Arg286 and two water molecules. The 8-oxoguanine moiety interacts with the protein via hydrophilic and hydrophobic interactions. The 8-oxygen atom of 8-oxodG hydrogen bonds with Arg286 via a water molecule. The other keto group, at position 6, is involved in a H-bond with Gln279. The 8-oxodG N1 and N2 atoms engage in hydrophilic interactions with Gln278, Asp241 and the main chain carbonyl of Pro239. Furthermore, stacking of Phe282 against the oxidized purine stabilizes the lesion in a position that facilitates the recognition of 8-oxoG by the enzyme (see below).
Superposition of apo-CacOgg onto the CacOggK222Q/8-oxodG complex revealed that domain C is flexible and undergoes a significant, contractive movement upon binding of the ligand ( Figure 3A ) even in the absence of DNA backbone. The calculated RMSD between the apo and the liganded forms for the three helices of domain C (αD, αM, and αO) is 1.77Å for backbone Cα atoms whereas the rest of the protein displays a RMSD of 0.58Å. The C-terminal helix αO engages in several interactions with 8-oxodG and these interactions can explain why we were able to build seven additional residues at the C-terminus end compared to the apoCacOgg structure. Compared to hOGG1 ( Figure 3B ) the reorganization displayed by CacOgg is much wider and involves three of the four helices of domain C. The reorganization of αD, αM, and αO seems to be associated with the ligand binding and several residues of these helices contributes to its stabilization in the binding site. However, unlike CacOgg, a significant movement of the loop between helices αE and αF was observed in hOGG1. Because this loop interacts with DNA it is possible that a similar conformational change might be seen in the corresponding loop in CacOgg, but at this point the absence of DNA in our complex prevents us from observing such movement.
Discussion
8-oxoG binding site
The similarity between 8-oxoG and guanine makes the distinction between these two molecules a real challenge for 8-oxoguanine DNA glycosylases. At first glance, the presence of a keto moiety on the C8 atom of a guanine base might appear to be the major change between guanine and 8-oxoG, but earlier structural studies 28 of hOGG1 and the present study on CacOgg reveal that the C8 carbonyl group is completely devoid of any direct interactions with the protein. This result contrasts with what was described for Pa-AGOG. A H-bond was observed between the 8-oxo atom and the nitrogen of the indole group of Trp69 in the Pa-AGOG structure in complex with 8-oxodG. 26 One consequence of the oxidation of the C8 atom of guanine is the electron delocalization of the double bond between the N7 and C8 atoms to the 8-oxo group and the protonation of N7. The N7 proton allows 8-oxoG to establish a crucial hydrophilic contact with the conserved glycine at position 30 (Gly42 in hOGG1) that cannot occur with G (See red dashed line on Figure 2 ). The presence of this additional H-bond is not the only difference that allows Ogg to discriminate between 8-oxoG and G. Quantum calculations performed with 8-oxoG and G revealed an inversion of the dipole at positions C8 and N7. The charge carried by 8-oxoG complements perfectly the local charge on the active site of Ogg (Lys249 and Cys253 for hOGG1 33 and Lys222 and Cys226 for CacOgg). This dipole field creates an attractive force for 8-oxoG but also creates a repulsive force for G. These two elements combined (H-bond with protonated N7 and electrostatic attraction/repulsion) seem to be essential for the discrimination between G and 8-oxoG by Ogg glycosylases.
Structural reorganization of CacOgg upon 8-oxodG binding
The most dramatic movement of protein residues upon binding of 8-oxodG is observed for residue Phe282, which undergoes a wide reorganization of about 5Å from a distal position in the apo-CacOgg model to a proximal position (Figure 4) in the CacOggK222Q/8-oxodG complex. In this proximal position the ring of Phe282 stacks against the 6-membered ring of 8-oxodG. The stacking of 8-oxodG with Phe282 impedes the rotation of the oxidized base and constrains the N7 atom of 8-oxodG in a position suitable to form a H-bond with Gly30. A similar movement is observed in the homologous phenylalanine in hOGG1 (Phe319): When 8-oxoG is bound, the phenyl ring moves from a distal to a stacking position. 28; 34 The movement of helix αM towards 8-oxodG brings some residues in proximity to 8-oxodG: Asp241 makes a H-bond with N2 of 8-oxodG. Also, Gln278 moves forward slightly to form a H-bond with the N1 atom and N2 amine group of 8-oxodG. This structural reorganization is important for maintaining the damaged base in an extra-helical conformation at a distance from the catalytic residues (Asp241 and Lys222) that is suitable for glycosylase activity.
Putative interactions of CacOgg with DNA and recognition of the base opposite the lesion
Similarly to hOGG1, CacOgg does not cleave oxidized pyrimidines but can efficiently remove 8-oxoG and 8-oxoA opposite C. In contrast to hOGG1, CacOgg can also remove 8-oxoG opposite A. 19; 28 Both enzymes, however, are unable to excise the further oxidation product of 8-oxoG, guanidinohydantoin opposite C. 19; 35 hOGG1 and CacOgg share a very similar protein architecture (see Figure 1 ) and a structural alignment can be used to identify putative protein:DNA interactions in CacOgg. In the published structures of HhH-GPD enzymes in complex with DNA (hOGG128, MutY 29 , EndoIII 36 , and AlkA 37 ), the DNA molecule is bent by about 60° at the site of the lesion. The DNA glycosylase mostly interacts with the minor groove of DNA along the interdomain region. In hOGG1 the DNA molecule is tightly bound by a complex network of hydrophilic interactions. Most of these interactions are made with the phosphate groups in close proximity to the lesion. As seen in Figure 5A , the phosphate (P 0 ) 5' to the lesion makes a H-bond with the main chain of Ile142 and the side chain Nε2 atom of His270. P −2 interacts with main chain atoms of Val250, Gly247, and Gln249 while P −3 interacts with Gly245. The 8-oxoG base is well stabilized by a combination of hydrophilic and hydrophobic interactions involving five residues. The main chain atoms of Gly42 and Pro266 and the side chains of Asp268 and Gln315 make H-bond with the 8-oxoG moiety while Phe319 stacks against the six membered ring of the 8-oxoG molecule. Few differences are expected for the binding of DNA by CacOgg since the majority of the interacting residues are very well conserved ( Figure 5B ). Only His270 is not conserved and is replaced by Trp243. In a manner similar to His270 in hOGG1, CacOgg Trp243 can make a H-bond between its Nε1 atom and one of the oxygen atoms of phosphate P 0 .
The most notable difference between these two Oggs is their opposite base specificity. hOGG1 removes 8-oxoG opposite C but not paired to G or A whereas CacOgg efficiently removes 8-oxoG opposite each of the four bases. 19; 28; 35 A structural comparison with hOGG1 helps shed light on CacOgg's lack of selectivity. In the hOGG1 model, three very important residues interact with the cytosine via their side chains: Asn149, Arg154, and Arg204 form a network of five H-bond that specify C. In CacOgg three of these H-bonds are lost: Arg154 is replaced by a methionine (Met132), which is unable to form a H-bond with the keto group of C. Although Asn127 is conserved it does not adopt the same conformation in our structures as its counterpart in hOGG1 probably because the absence of a DNA backbone in our model. The remaining two H-bonds originate from Arg180, which forms two H-bonds with N3 and O4 (see Figure 6) . Adenine is the second most favored opposite base for CacOgg. 19 This can be explained by the nature of adenine in which N1/N6 can mimic N3/N4 in C and can interact in a similar way with Asn127 and Arg180. Another interesting interaction is observed in hOGG1, which can explain the increased specificity for the opposite base for this enzyme compared to CacOgg. As seen in Figure 6 , the hydroxyl group of residue Tyr203 makes a H-bond with the Oδ1 atom of Asn149, which is also involved in a H-bond with the 8-oxoG N4 amine of C. This strong network contributes to stabilize Asn149 in a position which facilitates a tight interaction with the N4 amine of the C opposite the lesion. Because Tyr is replaced by a Phe (Phe179) in CacOgg, the H-bond is lost. In fact, mutating Phe179 and Met132 into the corresponding residues in hOGG1 (Tyr and Arg) yields a CacOgg protein variant with an increased specificity for 8-oxoG:C. 19
Concluding remarks
We describe here the first crystal structures of an atypical Ogg1 enzyme cloned from a bacterium, CacOgg in both apo-and liganded forms. These structures allowed us to identify the interactions made by the glycosylase with 8-oxodG. A superposition of the two structures revealed a structural reorganization of helices in the C-terminal domain upon binding of 8-oxodG reminiscent of that seen in hOGG1. Furthermore, our structural work provides a structural rationale as to why CacOgg is less specific for the base opposite the lesion than its human homologue. It may appear aberrant for an anaerobic bacterium like Clostridium acetobutylicum to encode an enzyme able to restore DNA after damage from reactive oxygen species, but it is noteworthy that most anaerobic bacteria can tolerate brief exposure to oxygen. 19
Materials and Methods
Recombinant CacOgg expression and purification
Recombinant CacOgg (wild-type and K222Q mutant) were expressed and purified essentially as described. 19 Briefly, CacOgg wild-type and K222Q mutant were expressed in ER2566 fpg-E. coli co-transfected with a pLysS RIR vector. 38 After overnight expression with IPTG at 16°C, bacterial pellets were sonicated in lysis buffer (50 mM Tris pH 8.0, 500 mM NaCl, 1 mM EDTA, 1 mM PMSF). The centrifuged lysate was loaded on a chitin column and eluted using 50 mM DTT. Pooled fractions of CacOgg were loaded on a Q column and eluted with a salt gradient. The selenomethionyl variant was engineered by inhibiting the methionine biosynthesis pathway. 39 The resulting protein was purified using the same purification protocol as for the wild type enzyme. The purified protein was dialyzed in crystallization buffer (20 mM Tris-HCl pH 8.5, 100 mM NaCl, 1 mM DTT and 2 % (v/v) glycerol) then concentrated to 6 mg/ml for apo-enzyme. CacOggK222Q was concentrated to 15 mg/ml and 8-oxo-2'deoxyguanosine (Berry and Associates Inc.) was added to a final concentration of 7 mM.
Crystallization of the recombinant CacOgg in its apo-form and in complex with 8-oxodG
Crystals of apo-CacOgg were obtained by hanging-drop vapor diffusion at 4°C. Crystals were obtained in drops of a 1:1 ratio of purified protein and well solution (14% (w/v) PEG-4000 and 0.1 M Tris-HCl pH 8.5) but the resulting crystals were of poor quality and not suitable for X-ray diffraction. In order to improve the size and the shape of apo-CacOgg crystals, streak seeding was performed using the same crystallization condition. This procedure allowed us to obtain crystals with dimensions suitable (250 × 80 × 80 µm 3 ) for X-ray diffraction experiments. First crystal hits of CacOggK222Q in complex with 8-oxodG were obtained in condition D4 (20% (v/v) isopropanol, 0.1M NaCitrate pH 5.6, 20% (w/v) PEG-4000) and D5 (10% isopropanol 0.1M HEPES pH 7.5, 20% (w/v) PEG-4000) of Crystal Screen HT (Hampton Research). After minor optimization of precipitant and pH, crystals of suitable size (120 × 120 × 120 µm 3 ) were obtained in 10-20% (v/v) isopropanol, 0.1M NaCitrate pH 5.5, 12% (w/v) PEG-4000.
X-ray analysis and structure determination of apo-CacOgg and CacOggK222Q in complex with 8-oxodG.
All X-ray diffraction experiments were done at 100K after crystals were allowed to equilibrate for 1-2 minutes in a cryoprotectant solution consisting of the crystallization buffer supplemented with 20% (v/v) ethylene glycol or glycerol. Since molecular replacement attempts failed to produce a clear solution, we collected a MAD data set at two wavelengths corresponding to the peak and inflection of the K edge of selenium (See Table 1 for data collection statistics) at beamline 23-ID B at the Argonne Advanced Photon Source for the selenomethionyl variant of apo-CacOgg. The diffraction images were integrated using XDS 40 and merged/scaled with CCP4. 41 The program SOLVE 42 identified seven of the eight selenium sites. AutoSHARP 43 was then used for refinement of the selenium parameters. The space group was judged to be P4 1 2 1 2 and not the enantiomorphic P4 3 2 1 2, based on the map quality and continuity. The phasing information was then used in ARP/wARP 44 for density modification and iterative model building. The refinement procedure was performed with CNS. 45 The initial model issued from ARP/wARP was submitted to a cycle of simulated annealing at 3000 K followed by energy minimization and B-factor refinement cycle. Afterwards, the model was refined by simple energy minimization followed by isotropic B-factors refinement (restrained and individual) and corrected by manual rebuilding using O. 46 Missing parts of the model, glycerol and water molecules were progressively added during the refinement procedure. Finally, the quality of the model was verified with PROCHECK. 47 There are no residues in the disallowed region of the Ramachandran plot.
X-ray diffraction images of CacOggK222Q-8-oxoG crystals were recorded on our laboratory MAR345 (MAR Research) detector mounted on a Rigaku RU-200 rotating anode-generator equipped with Xenocs focusing mirrors. Diffraction data were indexed using XDS 40 and scaled with XSCALE. The structure of CacOggK222Q was solved by molecular replacement with MOLREP software from the CCP4 suite 41 using the coordinates of apo CacOgg as a model. A very clear Fo-Fc electron density map corresponding to 8-oxodG was observed in the putative substrate binding site immediately after the molecular replacement. A calculated simulated annealing omit map is shown in Figure 2 . Refinement procedure was performed as stated above for the apo-enzyme. There are no residues in the disallowed region of the Ramachandran plot.
Protein Data Bank accession codes
Atomic coordinates and structure factor amplitudes have been deposited with the Protein Data Bank and are available under the following accession codes: 3F0Z for CacOgg in its apo-form; 3F10 for CacOggK222Q in complex with 8-oxo-2'-deoxyguanosine. A) Ribbon diagram of CacOgg and unliganded hOGG1 (PDB ID 1KO9 34 ). Secondary structure elements are numbered according to their relative position in the sequence and the nomenclature follows that of the original hOGG1 structure 28 . The helix-hairpin-helix (HhH) domain is composed of helices αK and αL in both proteins. Proteins are colored according to the amino acid sequence going from cold blue to warm red from N-to C-terminal. B) Sequence alignment of hOGG1 and CacOgg showing the secondary structures elements (grey cylinders for α-helices and yellow arrows for β-strands). All figures were prepared using PYMOL. 48 a High resolution shell is shown in parentheses.
b Before and after density modification.
